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A B S T R A C T
There are growing concerns that increasing global environmental pressures could lead to the exceedance of
critical ecological thresholds that could trigger long-lasting regime shifts that will affect the structure and
function of ecosystems and the broader social-ecological systems in which they are embedded. Biological in-
vasions are a major driver of global change, and a number of invasive species alter key ecological feedbacks in
ways that lead to regime shifts, with consequences for biodiversity, ecosystem services, livelihoods and human
wellbeing. We present four case studies, chosen to represent a diverse range of ecosystems and invasive taxa, to
illustrate invasion-driven regime shifts in a variety of social-ecological systems globally. The case studies are: i)
wattle trees (Australian Acacia species) in fynbos shrublands in South Africa; ii) Nile perch (Lates niloticus) in
Lake Victoria in East Africa; iii) chestnut blight fungus (Cryphonectria parasitica) within broad-leaved forests of
eastern North America; and iv) the floating macrophytes salvinia (Salvinia molesta) and water hyacinth
(Eichhornia crassipes) in East Sepik Province of Papua New Guinea. For each case we identify the social and
ecological drivers and feedbacks underlying the shift, the impacts on ecosystem services and human wellbeing,
and the management options for reducing impacts. We discuss the value of using causal-loop diagrams to im-
prove our understanding of the complex dynamics of shifts, and explore how concepts associated with regime
shifts can inform guidelines for enhancing adaptive governance of biological invasions. Identifying species that
have the potential to generate high-impact regime shifts, understanding the diversity of consequences for dif-
ferent environments and stakeholders, and developing robust management methods to reduce impacts and re-
store systems to improve social-ecological resilience and reduce vulnerability are priorities for further research.
1. Introduction
Biological invasions are a major driver of human-induced global
change in the Anthropocene. Some invasive species cause rapid, sub-
stantial and long-lasting changes to the structure and function of eco-
systems – so-called regime shifts – that are very difficult or impossible
to reverse (Scheffer et al., 2001; Gaertner et al., 2014; Hui and
Richardson, 2017). Such shifts have major implications for biodiversity
and can cause extinctions and large-scale community change (Clavero
and García-Berthou, 2005; Hejda et al., 2009; Downey and Richardson,
2016). They can also substantially alter or change the supply of eco-
system services (Pejchar and Mooney, 2009; Le Maitre et al., 2011; Vaz
et al., 2017a), and have significant impacts on human wellbeing and
livelihoods, through their effect on factors such as human health and
agricultural productivity (Shackleton et al., 2007, 2018a). An improved
understanding of the conditions under which invasive species may
trigger such far-reaching changes to social-ecological systems, the im-
plications of these shifts for ecosystems and people, and options for
integrated management of these changes are urgently needed
(Millennium Ecosystem Assessment (MA), 2005; Pejchar and Mooney,
2009; Kueffer, 2013; Gaertner et al., 2014). Such advances are crucial
for building resilience and adaptive capacity (Folke, 2006; Brooks et al.,
2005), in ways that both reduce the likelihood of such shifts (Chaffin
et al., 2016) and increase the capacity to deal with unexpected regime
shifts if they do occur.
Biological invasions arise due to human-mediated movement of
species to new environments and the subsequent interactions of these
species with the recipient ecosystems (Hui and Richardson, 2017).
Species are introduced both accidently (e.g., in ballast water, or
through seeds with imported goods) and intentionally (e.g., as
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ornamentals and pets, for agriculture and forestry) (Essl et al., 2015a).
Introduced species face a number of barriers in their new environment
and have to survive, proliferate and naturaly disperse (Blackburn et al.,
2011). Those that establish, reproduce and develop self-sustaining lo-
calised populations are termed naturalised species. When naturalised
species spread from original sites of introduction and increase in
abundance and spatial scale they are termed invasive alien species
(Richardson et al., 2011) (Fig. 1). Only a small proportion of introduced
species become naturalised or invasive, and of those that become in-
vasive, only a small number cause regime shifts. Where they do occur,
these shifts are highly scale- and density-dependent and can have far-
reaching consequences (Gaertner et al., 2014; Hui and Richardson,
2017). Progression along the introduction-naturalization-invasion (INI)
continuum can be very rapid, but can also be subject to substantial lags
and take several decades or longer (Crooks et al., 1999; Rouget et al.,
2016).
Regime shifts are defined as large, persistent (difficult to reverse)
changes in the structure and function of social-ecological systems, and
are associated with a change in the dominant feedbacks governing
system behaviour that lead to a switch between alternative stable states
(Scheffer and Carpenter, 2003; Folke et al., 2006; Kinzig et al., 2006;
Biggs et al., 2012; Kull et al., 2018). This definition has an ontological
basis in resilience/systems thinking, which is the basis of much of our
understanding of social-ecological system dynamics (e.g., Adger, 2000;
Berks et al., 2003). Regime shifts are usually driven by a combination of
external perturbations and slow changes within the system (Andersen
et al., 2009; Biggs et al., 2012; Rocha et al., 2015). These perturbations
and slow changes can weaken the dominant system feedbacks, reducing
the resilience of the current system state, and driving it towards a
tipping point. A regime shift occurs once the system reaches a critical
threshold (or tipping point/critical transition) where a switch in the
dominant feedbacks governing system behaviour significantly alters
social-ecological or ecosystem processes and structures (e.g., loss of
adaptive capacity, a switch to a new primary livelihood activity and/or
a switch in vegetation structure) (Scheffer et al., 2001; Bennett et al.,
2005; Kinzig et al., 2006; Biggs et al., 2012; Hammond, 2012; Blythe,
2014; Lade et al., 2013; Kull et al., 2018).
When a species is added to an ecosystem it can act as a primary
external perturbation, but it may also interact with other drivers, po-
tentially leading to altered feedback dynamics or to totally novel
feedbacks (Biggs et al., 2012; Polasky et al., 2011). Initially, these novel
or altered feedbacks are usually weak compared to the dominant
feedbacks and energy flows, and the system typically continues to
function broadly as before (Fig. 1). However, once an introduced spe-
cies becomes naturalised, it may start to exert a larger influence on
system dynamics. The new or changed feedbacks may become in-
creasingly strong while the system dynamics prior to invasion become
weaker and more vulnerable to change and have reduced adaptive and
transformation potential (Fig. 1). If the species progresses further along
the INI continuum to become a dominant component of the community,
it may fundamentally change the ecosystem structure and function and/
or livelihood practices, precipitating a social-ecological regime shift or
new stable state (Brooks et al., 2004; Lade et al., 2013; Gaertner et al.,
2014; Kull et al., 2018). Many shifts are facilitated by multiple or ad-
ditional social and ecological shocks (e.g., such as fire, drought or
flood), altered land-use practices, or by impacts caused directly or in-
directly by other invasive species (Hughes et al., 2013; Kull et al.,
2018).
Fig. 1. Example of a hypothetical invasion process that drives regime shifts though altered feedbacks, illustrated with the commonly used ball-and-cup framework.
The top panel shows how a hypothetical social-ecological system might change following the introduction of a tree which leads to a reduction in biodiversity and
ecosystem services (such as agricultural and ecotourism potential), but also provides new ecosystem services and resources (such as timber), that constitute major
alterations (shifts) in the social and ecological components of the system. The lower panel provides a ball-and-cup representation of the alterations in the dominant
feedbacks that underlie the regime shift. The black arrows denote the original system feedbacks; new feedbacks introduced by the alien tree are show in blue. The
thickness of arrows is proportional to the strength of feedbacks. As the system progresses along the introduction-naturalization-invasion continuum towards a tipping
point (threshold separating the two cups - red dashed line), there is a loss of resilience (depth of cup) of the original system state, until a tipping point is reached
where a regime shift occurs (ball shifts from one cup to the other) (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article).
R.T. Shackleton et al. Environmental Science and Policy 89 (2018) 300–314
301
The dominant feedbacks that underlie and maintain a specific re-
gime are commonly self-reinforcing. Consequently, once a shift from
one regime to another has occurred, it is often very difficult, though not
always impossible, to reverse (Scheffer et al., 2001; Polasky et al., 2011;
Chaffin et al., 2016) – a phenomenon known as hysteresis. It is im-
portant to understand the social-ecological dynamics leading up to
these shifts and the effects that they cause to aid improved adaptive
governance (Brooks et al., 2005).
To date, much of the work on invasion-related regime shifts has
focused on ecological mechanisms and effects (Mack and D’Antonio,
1998; Gaertner et al., 2014; Chaffin et al., 2016; Gaertner et al., 2017).
There has been a lack of research on the broader social-ecological
systems dynamics underlying such shifts, or on the wider consequences
of invasion-related regime shifts on ecosystem services and human
wellbeing. Only recently, Hui and Richardson (2017) and Kull et al.
(2018) considered the dynamics of invasions within the framework of
complex adaptive systems, including social-ecological systems and re-
gime shifts. Social-ecological analyses tend to adopt a broader per-
spective that considers not only the ecological and direct social drivers
(e.g., land clearing) of regime shifts, but also indirect social drivers
(e.g., changing wealth that affects dietary preferences). Furthermore,
the social-ecological perspective considers both the ecological changes
or disturbances as well as effects on human wellbeing and livelihoods
and other social consequences of regime shifts. With in social-ecological
systems, the core feedbacks that underlie the regime shift could be ei-
ther ecological (e.g., invasive species), social (e.g., shift to a vegetarian
diet or new land use pollicies), or comprise interacting social-ecological
factors (e.g., common pool resource harvesting, Lade et al., 2013) or the
domestication of fire (Biggs et al., 2016). In many cases, a social-eco-
logical perspective can help highlight cascading sets of regime shifts,
e.g., the collapse of important fisheries can lead to the reorganization of
society as new forms of livelihood need to be adopted. Working on the
interface of invasive species and social-ecological systems helps to re-
inforce a call by Kueffer (2017) for more interdisciplinary under-
standing in invasion science within the context of the Anthropocene.
In this paper we: examine a set of case studies that shed light on
aspects of the underlying social-ecological dynamics of many regime
shifts generated by biological invasions; and elucidate how these shifts
have influenced biodiversity, ecosystem services, human wellbeing and
livelihoods in the broader social-ecological systems in which they are
embedded. Using case studies has become a common methodology for
providing a deeper understanding and synthesis of the effects of en-
vironmental change and for highlighting both complexity and context-
specificity (Ellison et al., 2005; Pejchar and Mooney, 2009; Rocha et al.,
2015; Boonstra et al., 2016). We chose four case studies that cover a
range of taxonomic groups in different ecosystems (Table 1): i) wattle
trees (Australian Acacia species) in fynbos shrublands of South Africa
(Shackleton et al., 2017a, 2017b; http://regimeshifts.org/item/611-
megadiverse-fynbos-shrublands-to-invasive-wattle-tree-monoculture#
); ii) Nile perch (Lates niloticus) in Lake Victoria, East Africa (Hakansson
et al., 2012; http://regimeshifts.org/item/408-lake-victoria#); iii)
chestnut blight fungus (Cryphonectria parasitica) in broadleaved forests
of eastern North America (Shackleton et al., 2018a, 2018b http://
regimeshifts.org/item/617-american-chestnut-dominant-forests-to-red-
maple-dominant-forests#); and iv) the floating aquatic plants salvinia
(Salvinia molesta) and water hyacinth (Eichhornia crassipes) in East Sepik
Province, Papua New Guinea (modified slightly to a new locality but
based on the case study by Strange et al., 2017 http://regimeshifts.org/
item/614-invasive-floating-to-submerged-plant-dominance-in-south-
africa#). The case studies were selected from the Regime Shifts Data-
base (www.regimeshift.org), which has a clearly defined approach and
template for synthesizing case studies of social-ecological regime shifts
based on the literature and expert knowledge (Biggs et al., 2018). These
examples are good model systems (sensu Kueffer et al. (2013b)) in that
they have been sufficiently well researched to allow the dynamics,
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context of the aims of this paper.
In the following section, we describe each case study, identifying
the original and invaded regime, the drivers and feedbacks underlying
the shift, the social-ecological effects of the shift (impacts on ecosystem
services and human wellbeing), and the management interventions and
options that exist for building resilience in the system. The regime shift
dynamics for each case study are summarized using a causal loop dia-
gram, as per the regime shifts database template. Based on this analysis,
we identify the social-ecological mechanisms that mediate the invasion
dynamics, elucidate key impacts of invasive species on ecosystem ser-
vices and human wellbeing, and consider the implications for invasive
species management and governance.
2. Case study 1: Species-rich fynbos shrubland to species-poor
wattle woodlands in South Africa
The Cape Floristic Region in South Africa is home to the mega-
diverse fynbos biome (Fig. 2). Fynbos shrublands in this global biodi-
versity hotspot occur on nutrient-poor soils and experience intense fires
at intervals of 5–15 years (Allsopp et al., 2014). The region is important
for ecotourism, water production from fynbos-clad catchments, plant-
based agriculture and sheep farming.
2.1. Regime shift dynamics - key drivers and feedbacks
The introduction of a number of wattle species (Australian taxa in the
genus Acacia) for forestry, dune stabilisation and ornamental purposes to
fulfil human development and economic needs has led to a patchwork of
regime shifts from species-rich fynbos shrublands to species-poor wattle-
dominated woodlands (Figs. 2 and 3). The wattles have altered prevailing
feedbacks and led to several new ecological feedbacks that have allowed
wattles to become dominant components of vegetation across substantial
geographical areas previously dominated by fynbos shrublands. Human
disturbance and land use change have also facilitated invasion in many
areas, which has been reinforced by human-induced climate change (Fig. 2).
Key changes in feedbacks include changes to soil chemistry, fire
regimes, and novel biotic interactions (Richardson and Cowling, 1992;
Le Maitre et al., 2011; Gaertner et al., 2014) (Fig. 3). Wattles increase
soil organic nitrogen through increased biomass. They are also nitrogen
fixers and create novel interactions with soil biota that further modify
soil chemistry. Their increased biomass also increases the frequency
and intensity of fires, and fires facilitate the mass germination of wattle
seeds, thereby reducing reproduction and survival of native species.
This shift is facilitated by external drivers such as urbanisation and
land-use change (which create disturbed areas that are more susceptible
to invasion), climate change (leading to faster growth rates of trees),
and economic development (which encourages spread and further
planting of the species) (Fig. 3). Fire and disturbance act as flashpoints
that facilitate rapid invasions into new areas.
It is difficult to identify when social and ecological thresholds were
crossed, as the regime shift has occurred at a regional scale and hap-
pened at different times in different places (Gaertner et al., 2012).
Based on Gaertner et al. (2014), a working proxy for the threshold is the
point at which the biomass of wattles in a given area exceeded that of
native fynbos plants. This shift occurred more gradually compared to
the other cases discussed in this paper.
2.2. Implications for social-ecological systems - effects on ecosystem services
and human wellbeing
This shift has resulted in the loss of several important ecosystem
services, and thus negative effects on human wellbeing and biodiversity
(Tables 2 and 3). In particular, major losses in water supply have oc-
curred, which negatively influences economic productivity, human
health and biodiversity in the region (Le Maitre et al., 2011, 2016).
Wattles have also reduced rangeland potential and added extra costs for
clearing agricultural lands, with substantial economic costs for some
stakeholders’ livelihoods, increasing their vulnerability and putting
pressure on their adaptive capacity (Milton et al., 2003; Leadley et al.,
2014). Altered fire regimes associated with the shift pose a threat to
human health and safety, and have negatively influenced biodiversity
(Gaertner et al., 2014; Souza-Alonso et al., 2017). The invasion has also
had negative effects on cultural wellbeing with high impacts on aes-
thetic value (a sense of place) and ecotourism, especially through the
loss of native fynbos vegetation (Pejchar and Mooney, 2009).
On the other hand, wattles also provide tannins, fuelwood, medic-
inal and cultural value to some stakeholders and some communities
have become heavily reliant on this resource. This shift represents a
social or cultural shift in resource use and “adoption” of the tree for
some communities (de Neergaard et al., 2005; Shackleton et al., 2007;
Kull et al., 2011, 2018). As such, the ecological regime shift pre-
cipitated by the wattle invasion has also triggered a major social regime
shift (sensu Lade et al., 2013; Kull et al., 2018). The fact that wattles
supply both benefits and costs creates substantial complexity and con-
flict between those who benefit from the new regime and those who are
rendered more vulnerable (Kull et al., 2011).
Fig. 2. Contrast between un-invaded/managed fynbos (foreground) and a
dense stand of invasive Acacia saligna (background) in Blaauwberg Nature
Reserve near Cape Town, South Africa. (Photo source: City of Cape Town).
Fig. 3. Causal-loop diagram of the drivers and feedbacks underlying the fynbos-
wattle regime shift. (R) indicates reinforcing feedbacks.
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2.3. Management options
Attempts to eradicate several naturalised wattle species are un-
derway to prevent them from becoming invasive (Wilson et al., 2013).
The national public works program Working for Water (WfW) is
clearing wattle invasions to restore ecosystem services and at the same
time provide jobs for poor rural communities (van Wilgen et al., 2012).
This project has had mixed success, but has been effective in limiting
the spread of wattle and helping with impact reduction and restoration
at localised sites. While this has helped to build ecological and social-
ecological resilience locally (Fig. 1), wide-scale containment and
impact reduction is lacking (van Wilgen and Wannenburgh, 2016).
Biological control agents have been released for most of the wide-
spread invasive wattle species and are having a substantial impact on
fecundity, thereby limiting spread potential, but the agents have not
had a major impact on the distribution and abundance of these species
(van Wilgen et al., 2012). Henderson and Wilson (2017) note that
wattle species that are under “complete” biological control have shown
much smaller increases in range over the period from 2000 to 2016
than those that are not under “complete” control. With time, reduced
recruitment and spread of wattles due to effective biological control
should translate to reduced impacts and less prominent influence of
Table 2
A synthesis and comparison of the different ecosystem service impacts of the four case-studies of regime shifts. (+) indicates a positive effect of the shift (supply of
benefits); (-) indicates a negative effect (loss of supply(costs); (+/-) represents both a positive and negative change depending on the landscape or stakeholder
(supply of both benefits and costs); (?) unclear whether the shift changes the factor (no evidence); (n/a) the shift does not influence that ecosystem service.
Evaluation was based on evidence from the literature according to a specalised template designed for producing case studeis for the regime shfit database (re-
gimeshift.org)
Case study 1: Species-rich fynbos
shrublands to species-poor wattle
woodlands
Case study 2: Non-turbid cichlid
lake to a turbid lake dominated by
Nile perch
Case study 3: American
chestnut to red-maple
dominated forests
Case study 4: Clear water surface to
closed water surface and back as a
result of water weeds
Provisioning Services
Freshwater – – ? –
Food crops – n/a n/a –
Feed, fuel and fibre Crops +/- n/a – +/-
Livestock – n/a – –
Fisheries n/a +/- n/a –
Wild food & products – – – –
Timber + n/a – n/a
Woodfuel + n/a – n/a
Hydropower n/a ? n/a
Regulating Services
Air quality regulation ? n/a ? ?
Climate regulation +/- n/a – ?
Water purification – – – –
Soil erosion regulation +/- n/a – –
Pest & disease regulation ? – ? –
Pollination – n/a ? –
Protection against natural
hazards
– – ? –
Cultural Services
Recreation – +/- – –
Aesthetic values – n/a – –
Cognitive & educational – – – –
Spiritual & inspirational – – – –
Table 3
A synthesis and comparison of the different impacts on human wellbeing of the four case studies of regime shifts. (+) indicates a positive effect as a result of the shift
(supply of benefits); (-) negative change effect (loss of supply (costs); (+/-) indicates both a positive and negative change, depending on the landscape or stakeholder
(supply of both benefits and costs); (?) unclear whether the shift changes the factor; (n/a) the shift does not influence that ecosystem service.
Case study 1: Species-rich
shrubland to species-poor wattle
woodland
Case study 2: Non-turbid cichlid
lake to a turbid lake dominated by
Nile perch
Case study 3: American
chestnut to red-maple
dominated forests
Case study 4: Clear water surface to
closed water surface and back as a
result of water weeds
Safety
Personal safety – n/a n/a n/a
Secure resource access – – – –
Security from disasters – – ? –
Material and immaterial assets
Adequate livelihoods +/- +/- – –
Sufficient nutritious food – – – –
Shelter + n/a – n/a
Access to goods +/- +/- – –
Health
Strength ? – ? ?
Feeling well ? – ? ?
Access to clean air and water – – – –
Social, spiritual and cultural relations – – – –
Social, spiritual and cultural practice – – – –
Mutual respect – – ? ?
Friendship ? ? ? ?
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their reinforcing feedbacks; this could increase the resilience of native
ecosystems, and reduce the social-ecological costs of wattle invasions.
3. Case study 2: Non-turbid, diverse cichlid system to a turbid,
Nile perch system in Lake Victoria, east Africa
Lake Victoria in East Africa was home to a highly diverse cichlid
(haplochromine)-dominated system (Figs. 4). These fish are detritivores
and planktivores, and ecologically they helped to maintain nutrient
cycling and to prevent eutrophication, hypoxia and turbidity. Prior to
the mid-1970s, the cichlid-plankton interaction was the primary feed-
back within the system (Seehausen et al., 1997). Cichlids were also
important for gender-equal subsistence fisheries that sustained the li-
velihoods of villages around the lake (Abila and Jansen, 1997;
Goudswaard et al., 2008).
3.1. Regime shift dynamics - key drivers and feedbacks
Nile perch (Lates niloticus) was introduced in the 1950s to increase
the value of commercial fisheries in Lake Victoria and to stimulate
economic development (a social driver behind the intorcution of the
fish). This highly aggressive predator introduced a new ecological
feedback (predation of cichlids) to the system, and depleted cichlid
populations in the lake (Fig. 4) (Goudswaard et al., 2008; Downing
et al., 2014). This predation altered the original cichlid-phytoplankton
feedback, thereby increasing phytoplankton and nutrient levels within
the lake (Fig. 5). The resultant eutrophication and algal blooms (Fig. 5)
further altered and reinforced water chemistry changes, leading to
hypoxia (Seehausen et al., 1997; Balirwa et al., 2003). Poor land-use
practices have also resulted in nutrient inputs that reinforced this shift
and is effects (Fig. 5) (Witte et al., 2012). An ecological threshold or
tipping point was reached for larger cichlids in 1976 and for smaller
fish in 1983 (Fig. 4). Models suggest that board-scale tipping points
could have been predicted based simply on exponential growth models
of Nile perch, with other social and environmental factors paying minor
roles. At more localised scales the Allee effect and small differences in
habitat might have slightly altered tipping points and invasion success
in different locations of the lake (Downing et al., 2013). The precise
social tipping point of loss of livelihoods and changes in behaviour
associated with increased vulnerability (Lade et al., 2013; Blythe, 2014;
Leadley et al., 2014) is difficult to identify, but would have lagged
slightly behind the ecological threshold.
3.2. Implications for social-ecological systems - effects on ecosystem services
and human wellbeing
This shift has resulted in oxygen depletion, increased eutrophication
and increased turbidity, causing negative effects on ecosystem structure
and function (Seehausen et al., 1997) (Tables 2 and 3). This has negatively
altered water chemistry, leading to health-related issues for local com-
munities and negative impacts on biodiversity. The shift has also resulted
in the increased presence of native freshwater shrimp, triggering a sub-
stantial ecological change in the system. Loss in the supply of the fish
(provisioning services) that sustained small-scale subsistence fisheries has
led to the loss of livelihoods for many communities around the lake
(Appleton, 2000). Industrial-scale fishing and export of Nile perch, and to
a lesser extent commercial sport fishing by recreational anglers and local
guides, has benefited powerful actors and corporate entities at the expense
of many poor and marginalised substance fishing community members
(Johnson, 2010). Women from marginalised communities in particular
have been disadvantaged, and have had to adopt new livelihood practices,
prostitution being a primary one, because of the reduction in subsistence
fishing (Appleton, 2000; Molony et al., 2007). This has in turn spurred
inequality, social conflict, health issues, the loss of cultural practices, and
reduced food security for local communities, thus affecting human well-
being (Appleton, 2000; Molony et al., 2007) (Table 3). It has also led to a
change in behaviour and livelihood practices that has had substantial
implications for livelihood vulnerability, adaptive capacity and transfor-
mative ability, and suggests a substantial social regime shift in the area
(Lade et al., 2013; Blythe, 2014; Leadley et al., 2014; Kull et al., 2018).
3.3. Management options
No management is currently underway to reverse this shift and/or
to restore the native ecosystem, or to reduce the social and ecological
vulnerabilities introduced by the shift. The prospects for the eradication
of Nile perch are extremely remote and many cichlid species are already
extinct, which means that restoring the system to its original state is a
futile aim. It has been suggested that the focus of restoration should
rather be on community development and land-based ecological re-
storation to mitigate against the negative social-ecological impacts of
the shift (Balirwa et al., 2003). A number of groups are actively trying
to manage the social implications of the shift to improve human live-
lihoods and wellbeing and to reduce vulnerability and promote
Fig. 4. Cichlid-Nile perch dynamics over time. Showing catch rates of Nile
perch and haplochromine fish by bottom trawlers over time with a) 90 cm nets
and b) at 20mm nets (Figure sourced form a publication in Environmental
Biology of Fishes by Goudswaard et al., 2008).
Fig. 5. Causal-loop diagram of the drivers and feedbacks underlying the cichlid-
Nile perch regime shift. (R) indicates reinforcing feedbacks.
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transformation and adaptive capacity, especially amongst women who
lost their livelihoods (Swallow, 2009; LVFO, 2011). It has also been
proposed that increasing the fishing intensity of Nile perch, along with
preventing sources of eutrophication through better sewage treatment
and land practices, could eventually lead to the return of some cichlid
species that persist in low densities. This could improve small-scale
local fisheries that could complement the commercial Nile perch fish-
eries (Balirwa et al., 2003).
4. Case study 3: American chestnut dominated forests to maple
tree dominated forest in eastern North America
In the 19th century, the forests of eastern North America were
dominated by American chestnut trees (Castanea dentata) (Fig. 6).
Chestnuts formed 40–85 % of the canopy cover of these forests and
were a keystone species, particularly in their role as a source of food
and shelter for animals (McCormick and Platt, 1980). Chestnuts were
also highly prized by humans for timber, tannin, food and fodder, and
had a strong cultural significance for many communities (Anagnostakis,
1987; Freinkel, 2007).
4.1. Regime shift dynamics - key drivers and feedbacks
The invasive chestnut blight fungus (Cryphonectria parasitica) was
accidently introduced into the USA from Asia in the early 1900s
through increased economic trade between the two regions. Between
1910 and the 1940-50s the invasive fungus killed 99% of all American
chestnut trees over an area of 3.6 million ha (Anagnostakis, 1987)
(Fig. 6), leading to a regime shift in the system. For up to 50 years
following the death of chestnuts, many forests in the region had large
gaps. In time, hickory and other trees filled these gaps through natural
succession to become the dominant forest species over large parts of the
central-eastern USA (McCormick and Platt, 1980).
The social key drivers behind this regime shift was the proliferation
of global trade in goods, leading to the accidental introduction of the
fungus, and later policies that restricted fires in the USA (McCormick
and Platt, 1980) (Fig. 7). Key feedbacks included novel interactions
between the fungus and chestnut trees that were linked to lack of biotic
resistance of the new disease, competition between species, and fire
(Fig. 7). The ecological threshold (dominance of American chestnuts to
no American chestnut trees) was associated with a rapid and radical
ecosystem-level change over 40 years where chestnut abundance
dropped form 40–85 % of canopy cover to less than 1%.
4.2. Implications for social-ecological systems - effects on ecosystem services
and human wellbeing
The loss of American chestnuts had major negative impacts on
ecosystem services and human wellbeing (Tables 2 and 3). These in-
cluded the alteration of nutrient cycles, which affected water, soil
quality and biodiversity (Smock and MacGregor, 1988; Ellinson et al.,
2005; Rhoades, 2006). It also resulted in the loss of provisioning ser-
vices including timber, fodder, tannin and food supply (nuts) to local
communities (Anagnostakis, 1982). The regime shift therefore in-
creased the vulnerability of local communities dependent on these re-
sources. In particular, losses to the timber industry had substantial
economic impacts. Nuts were also collected by poor families and traded
or bartered for other goods and services; the loss of this resource had
implications for their livelihood security and increased their vulner-
ability. This meant that new industrial and livelihood practices or
substitutes needed to be found. It also resulted in the loss of an iconic
species in the area, thus negatively affecting cultural wellbeing
(Freinkel, 2007). The evidence for breached ecological thresholds is
clear, as are the obvious negative effects for society. However, it is less
Fig. 6. a) American chestnut trees killed by chestnut blight and b) a map of blight spread in eastern North America (source: US government, Library of Congress
HAER VA,70-LURA.V,4–97; map from Gravatt, 1949 and also used in Anagnostakis, 1987).
Fig. 7. Causal-loop diagram of the drivers and feedbacks underlying the regime
shift caused by chestnut blight. (R) indicates reinforcing feedbacks.
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clear whether thresholds that represent social shifts were exceeded,
depending in part on the definition being used (Lade et al., 2013;
Leadley et al., 2014; Blythe, 2014).
4.3. Management
Attempts to prevent the spread and impacts of the fungus have been
made in the past (early to mid-1900s). These attempts included the use
of chemicals and biological control (through the release of transmissible
hypovirulent forms of the fungus), both of which failed in the USA
(Anagnostakis, 1982; Milgroom and Cortesi, 2004). Biological control
in Europe was more successful because it involved a different species of
chestnut that had evolved transmissible hypovirulence (a form of bio-
logical control where a virus is used to control a fungus) (Anagnostakis,
1987; Heiniger and Rigling, 1994; Milgroom and Cortesi, 2004). This
prevented a similar shift from taking place in Europe, where chestnuts
are still a common and economicaly important tree (Heiniger and
Rigling, 1994). Attempts are now being made to breed and genetically
modify blight-resistant strains of American chestnut trees to replant
into the forests of eastern North America (Diskin et al., 2006; Jacobs,
2007).
5. Case study 4: Open-surface water sources to closed surfaces and
back; the case of an effectively managed shift involving the
invasive floating macrophytes salvinia (Salvinia molesta) and
water hyacinth (Eichhornia crassipes) in the East Sepik Province,
Papua New Guinea
The East Sepiak Province has a number of large lakes and is home to
one of Papua New Guinea’s largest rivers – the Sepik. The regime prior
to invasion included freshwater rivers, lakes and lagoons with open
surfaces. The system was regulated by water flow rates, sun penetra-
tion, and biotic interactions. The Sepik was important for sustaining
local livelihoods though water provision, transport, fishing and the
provision of other natural resources.
5.1. Regime shift dynamics - key drivers and feedbacks
Two invasive floating macrophytes, salvinia and water hyacinth,
now completely cover many of the freshwater bodies in East Sepiak.
Salvinia (Salvinia molesta) was introduced to Papua New Guinea in the
1970s. Within a decade it had covered the surface of more than 500
km2 of freshwater lakes and rivers in East Sepiak (Mitchell et al., 1980).
Water hyacinth (Eichhornia crassipes) was introduced initially for or-
namental purposes into Asia and Oceania, but was likely accidently
introduced into Papua New Guinea and had covered the surface of
water bodies in East Sepiak by the 1980s (Julien and Orapa, 1999)
(Fig. 8). The key drivers behind this shift included the introduction
(likely accidental) of the floating macrophytes due to globalisation,
population increase and movement, and poor land-use practices that
increased water nutrients and helped the invasive plants to establish
(Fig. 9). Key feedbacks included alterations to water chemistry and
nutrients, flow rates and light penetration as a result of the biological
invasion, which were coupled with and reinforced by poor land use
practices (Fig. 9). This shift lasted for around two decades. However,
through effective management, particularly using biological control
(see below), the system has reverted to its original open-surface water
regime.
5.2. Implications for social-ecological systems - effects on ecosystem services
and human wellbeing
The coverage of water surfaces by these two floating macrophytes
had huge negative implications for people and the environment, and
almost no benefits (Tables 2 and 3). They altered flow rates, which
increased flooding and reduced water quality (Mitchell et al. 1980). The
invasions also altered water chemistry, which had negative health ef-
fects for humans and biodiversity. These two floating macrophytes re-
duced fish populations which had negative implications for food se-
curity and local livelihoods, substantially increasing vulnerability of
local communities. The invasions also hindered the harvesting of the
non-timber forest product, Sago palm, which is a staple food source in
Fig. 8. Water hyacinth invasion in Tambali Lagoon, Sepik River, Papua New Guinea, before and after the release of biological control i.e. pre-and post the effective
management of the regime shift (Photos: CSIRO).
Fig. 9. Causal-loop diagram of the drivers and feedbacks underlying the regime
shift caused by invasion of Eichhornia crassipes and Salvinia molesta. (R) in-
dicates reinforcing feedbacks.
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the area, causing negative effects on food security and local economic
production (Mitchell et al., 1980). Water is a key mode of transport in
the area, and the dense cover of the invasive floating macrophytes
hindered people’s movement (Thomas and Room, 1985). This invasion
has been blamed for impacting transport to schools and hospitals, thus
affecting education and health care. The two invasive species also da-
maged pumping infrastructure and provided breeding sites for a
number of disease vectors (e.g., mosquitoes and snails, Julien et al.,
2001). They also reduced cultural services, including both aesthetic
value and recreation since boating, fishing and swimming became dif-
ficult. They were also a key driver of biodiversity loss in aquatic sys-
tems, resulting in economic and cultural losses. All of this led to an
ecological shift as defined by Gaertner et al. (2014) and might con-
stitute social regime shifts as discussed by Leadley et al. (2014).
5.3. Management options
The shift from open water bodies to water bodies covered by sal-
vinia and water hyacinth lasted around two decades but has been
successfully managed (Julien et al., 2007). Mechanical clearing was
initially attempted but was not successful. Several biological control
agents were later released that were successful in reversing the shift
(Julien and Orapa, 1999). Cyrtobagous salviniae was released in 1982
and established well, causing dieback of salvinia by 1985 (Thomas and
Room, 1985). For water hyacinth, a number of agents were released,
including Neochetina bruchi, Neochetina eichhoriniae (weevils), Nipho-
grapta albigutallis and Xubida infusellus (moths) between 1986 and 1996
and control was achieved by 1991 (Julien et al., 2007). International
collaboration in implementing a well-structured biological control
program was a key ingredient in the success (Julien and Orapa, 1999).
6. Discussion
The four cases in this paper demonstrate that invasion-driven re-
gime shifts are highly complex and can have profound consequences for
social-ecological systems. The social, ecological and interacting social-
ecological mechanisms and feedbacks underlying these shifts differ
widely, which affects the options for preventing invasion-related re-
gime shifts or restoring invaded ecosystems. There are also issues re-
lating to differences in spatial and temporal scales of trade-offs between
the benefits and costs of these regime shifts, which are further com-
plicated by differences in power dynamics, vulnerability contexts, and
adaptive capacity amongst different stakeholders (Chapin et al., 2010;
Kull et al., 2018). Consequently, response strategies and adaptation
options are variable and context specific, leading to complexities for
governance of what are in many cases “wicked problems” (Woodford
et al., 2016). Although this is a first step, better knowledge of the social-
ecological dynamics and effects of regime shifts arising from invasive
alien species can help justify and aid the implementation of effective
management strategies to improve resilience and adaptive governance
(Chaffin et al., 2016). This can help to limit negative effects on people
and the environment, thereby reducing overall vulnerability to this
important driver of global change.
6.1. How common are regime shifts due to of invasive alien species?
Using a meta-analysis, Gaertner et al. (2014) found that out of
thousands of invasive plant species globally, only 173 are known to
have traits that could affect ecosystem structure and functions enough
to cause ecological regime shifts. Similarly, Zengeya et al. (2017) show
that of all the species formally listed as invasive in South Africa (552),
more than half (55%) have little or low overall benefits or costs for
humans or the environment and can be considered as fairly incon-
sequential. These assessments and many others suggest that only a
small proportion of invasive species have major impacts (Blackburn
et al., 2014); therefore, only a small proportion of invasive alien species
are likely to cause regime shifts. Where they do occur regime shifts can,
however, have major implications for society and the environment. It is
therefore important to gain a better understanding of the mechanisms
and effects of species that have the potential to cause regime shifts.
The four cases we have discussed are broadly representative of in-
vasive species that generate regime shifts. For example, other species of
wattles have had similar impacts to those discussed in Case study 1 in
other parts of the world (Kull et al., 2011; Souza-Alonso et al., 2017;
Kull et al., 2018), and Prosopis species have changed arid grasslands and
shrublands to woodlands in several regions globally (Shackleton et al.,
2014). The invasive shrubs Chromolaena odorata and Lantana camara
have changed open-understory forests, agro-forests and savannas to
closed forests and savannas, and modified fire regimes and soil prop-
erties, thereby affecting livelihoods through losses in agricultural pro-
duction and the ability to collect natural resources (Sharma et al., 2005;
Bhagwat et al., 2012; Day et al., 2013; Kannan et al., 2014; Shackleton
et al., 2017a). Many invasive grass species modify grasslands and sa-
vannas through alterations to fire feedbacks and productivity (Brooks
et al., 2004; Gaertner et al., 2017; Linder et al., 2018) and can have
severe impacts on rangelands and associated livelihoods (Godfree et al.,
2017).
There are also examples of animal species causing regime shifts.
North American beavers (Castor canadensis) in Chile have changed
hydrological systems from fast moving to slow moving by cutting down
trees to build dams, which has altered nutrient cycling and transformed
forest banks to grasslands (Anderson et al., 2006), with negative im-
pacts for local agricultural communities and increased human vulner-
ability though flooding. American red swam crayfish (Porcambarus
clarkia) have led to regime shifts by changing many shallow macro-
phyte-dominated clear-water European lakes into phytoplankton-
dominated turbid systems (Shin-ichiro et al., 2009; Chaffin et al., 2016).
Invasive lionfish (Pterois volitans) have changed diverse mesophotic
coral reefs to low-diversity algal-dominated systems (Lesser and
Slattery, 2011), with effects on nutrient cycling and water quality.
Predation by lionfish on other reef fish has negative effects for sub-
sistence fishing, thereby impacting cultural services and economic
profitability of diving-related tourism (del Carmen Carrillo-Flota and
Aguilar-Perera, 2017). The lionfish case is similar to the Nile perch case
study except that it occurs in a marine environment and that the pri-
mary pathway of introduction for the invader was accidental instead of
purposeful.
Other invertebrates and microorganisms have also driven shifts. The
invasive hemlock woolly adelgid (Adelges tsugae) is destroying hemlock
(Tsuga canadensis) forests in North America, with impacts on water, soil
and climate regulation services, cultural services and identity, and
important animal habitat (Ellinson et al., 2005). The invasive alien
silverleaf whitefly (Bemisia tabaci) consumes crops and carries disease;
in Uganda it facilitated the spread of the cassava mosaic disease virus
which decimated crops for a number of years leading to the migration
of people and thousands of deaths, resulting in an agricultural shift in
the production staple foods in the country (Legg and Thresh, 2000).
There are many more cases of invasive-driven social-ecological regime
shifts, with different underlying causes and effects, which emphasizes
the need for further research in this area.
6.2. Multiple, complex causal dynamics underlie social-ecological regimes
shifts
Our four case studies reveal significant complexity in the form of
multiple, interacting causal factors and pathways surrounding regime
shifts driven by invasive alien species (Woodford et al., 2016). In many
cases, invasive species are a key catalyst for the shift, but they fre-
quently interact in with other factors which are typically not considered
in invasion biology research, which in many cases focuses on ecological
aspects and ignores or gives scant attention to other factors (Vaz et al.,
2017b). Furthermore, the diverse array of invasive taxa, whose impacts
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vary depending on the particular social-ecological setting, and the
range of different pathways of introduction and spread, influence the
impacts (benefits and costs) relating to the shift (Table 2). We used
causal loop diagrams to unpack the social and ecological dynamics
associated with the introduction of invasive species that ultimately led
to regime shifts in the four case studies (Figs. 3,5,7 and 9). This systems-
analysis tool highlights interactions between social and ecological fac-
tors and helps to identify and understand the key drivers and feedbacks
underlying the shift, and the consequences of these shifts. We found this
approach very useful for unpacking this complexity. For example, it
helped us to better understand the interplay of different drivers which
are sometimes separated by significant time lags. The regime shift
triggered by chestnut blight had only one primary driver (increase in
global trade leading to an accidental introduction of the fungus), but
years after the original shift, alterations to fire policy (a second driver)
caused further changes in forest composition in some areas (Fig. 7). The
Nile perch case study had a large number of drivers, including human
population increase, land degradation, livelihood and economic de-
velopment needs, similar to the wattle case study (Fig. 5). The four case
studies also revealed diverse feedbacks underlying the regime shifts
(Figs. 3,5 and 7). For example, there were a number of primary feed-
backs in the wattle case study relating to soil change, biotic interac-
tions, competition and fire. There were fewer primary feedbacks in the
chestnut blight case study (biotic interactions), but a significant sec-
ondary driver (human-induced changes to the fire regime) was im-
plicated. The shifts also operated on different time scales – the chestnut
blight shift was extremely rapid, compared to the wattle case study
where it took decades for the trees to spread and become dominant over
large areas. This highlights the importance of time lags that delay the
manifestation of regime shifts (Essl et al., 2015b; Rouget et al., 2016).
We also found that species that were introduced intentionally were
associated with a range of livelihoods and economic benefits (e.g.,
wattles for forestry, soil stabilisation, and fuelwood; and Nile perch for
food production and economic development), whereas species in-
troduced for cultural (ornamental) reasons (e.g., water hyacinth) and
accidentally (e.g., chestnut blight) (Table 1) had fewer or no benefits.
Although we did not examine this point specifically, there is evi-
dence that some ecosystems (such as forests) may be more resilient to
regime shifts caused by invasive alien plants, whereas others (such as
shrublands in Mediterranean-climate zones, freshwater systems and
human-disturbed areas) are more vulnerable to large-scale invasions
and regime shifts, due to particular interactions between species traits
and ecosystem features (Richardson et al., 1996; Chytrý et al., 2008;
Iannone et al., 2016). Similarly, some areas may also be hotspots for
introduction and invasion as well as being more susceptible to regime
shifts, due to key introduction pathways, (e.g., coastal areas with large
harbours; Drake and Lodge, 2004; Hulme, 2009). In contrast, some
areas might have higher resilience to invasions and their effects due to
specific institutions and governance structures, which influence liveli-
hood practices, management capacity, response times, social memories,
adaptive capacity and more (Walker et al., 2004). For example, through
effective policy and governance relating to biosecurity, Australia and
New Zealand have a reduced likelihood of new, potentially high-impact
invasive species being introduced compared to other regions of the
world (Keller et al., 2007). Substantially more work is needed to de-
termine what combinations of social and ecological characteristics
make different social-ecological systems more susceptible to regime
shifts, and how to reduce the vulnerability of these systems.
More research is needed to identify tipping points, feedbacks and
impacts to better understand and identify when invasive species have
the potential to trigger regime shifts. The criteria proposed by Essl et al.
(2017) for assessing the impacts of invasive species are useful in this
regard. Improved understanding could help both to prevent and also to
restore shifts driven by invasive alien species. A more comprehensive
understanding of the range of dynamics associated with regime shifts
based on model case studies (e.g., the ones reviewed here for which
causal loops have already been developed) can help to improve our
understanding and possibly to detect ‘early warning signals’ for pending
regime shifts, which may help in prioritising management interventions
(Hui and Richardson, 2017). Phenomena such as ‘critical slowing down’
assessed through analysis of eigenvalues, and increased variance and
autocorrelation in a systems state, are generic dynamics associated with
the loss of resilience as a tipping point is approached, and can be used
as an early-warning signals for pending shifts (Scheffer et al., 2009).
These methods need to be developed and tested based on well-known
case studies, and then potentially applied to other species for use as
early-warning systems.
6.3. Impacts of invasion-related regime shifts on ecosystem services and
human wellbeing and complexity around benefits and costs
In many cases, social-ecological regime shifts induced by invasive
alien species can have severe negative impacts. However, in some cases
they have both positive and negative effects for ecosystem services,
livelihoods and human wellbeing, depending on the stakeholder groups
and their power dynamics and/or landscape and land-use contexts
(Tables 2 and 3) (Shackleton et al., 2007; Jeschke et al., 2014; Potgieter
et al., 2017; Vaz et al., 2017a). The supply of benefits and or costs is
determined by a number of factors, including i) species traits; ii) rea-
sons for introduction; iii) changes over time in contributions of the
invasive species to ecosystem services and disservices; iv) ecosystem
type; v) land-use tenure; vii) human vulnerability context; viii) the
supply of novel products or availability of substitutes; and ix) time
scales and invasion density (Shackleton et al., 2007; Kull et al., 2011).
In the wattle and Nile perch case studies, where the species were pur-
posefully introduced for economic reasons, both benefits and costs were
experienced as a result of the shift, leading to complexity and conflicts
of interest surrounding policy and management of the perch (Novoa
et al., 2018). In contrast, the case studies involving accidental in-
troductions (chestnut blight fungus and water weeds) had no benefits
but major costs, although this probably does not hold for all accidental
introductions. Nevertheless, based on our case studies, species that
provided a resource such as fish and wood, seem more likely to have
both benefits and costs for ecosystem services and human wellbeing.
Also, in our four case studies, benefits in terms of regulating and cul-
tural services associated with regime shifts seem to be less than for
provisioning services (Tables 2 and 3), although the situation may be
different in other cases where, for instance, cultural benefits might be
substantial (Kueffer and Kull, 2017). For example, invasive beavers in
South America that have caused an ecological regime shift but provide
cultural benefits relating to intrinsic human values associated with this
charismatic species (Schüttler et al., 2011). A more thorough meta-
analysis, considering the positive and negative effects of regime shifts
driven by of invasive species for ecosystem services and human well-
being, is needed to better assess overall costs and benefits of invasion-
driven regime shifts.
Benefits and costs resulting from regime shifts are also dependent on
the stakeholder groups affected. Benefits are often acquired by some
groups at the expense of costs incurred by other groups. In the case of
wattles, commercial foresters and subsistence fuelwood collectors gain
at the expense of other groups such as those involved in ecotourism,
urban residense who relay in water form rural catchments, or farmers
wanting to graze livestock or plough fields (Tables 2 and 3). Some
groups (e.g. women) are also more susceptible to negative impacts of
regime shifts, such as reductions in personal safety associated with
dense wattle invasions in South Africa (see case study; Shackleton et al.,
2007). Similarly, in the Nile perch case study, some stakeholders gained
substantial income through commercial fishing and processing of Nile
perch, at the expense of poor subsistence fishers - especially women (see
case study 1; Tables 2 and 3). This loss of livelihood has resulted in the
need to find alternative strategies, which has given rise to prostitution
and a rise in associated diseases such as HIV, as well as issues of safety
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(Table 3). Therefore, there has been an increase in vulnerability and
loss of adaptive and transformative capacity and a change in livelihoods
actions and behaviours (Lade et al., 2013; Leadley et al., 2014). The
opposite is true for wattles, where many communities have created new
livelihood strategies based on the novel ecosystems created by the
wattle trees (Shackleton et al., 2007; Kull et al., 2011). These different
effects as a result of these regime shifts can lead to complex conflicts of
interest which can greatly complicate management. In yet other cases,
species such as chestnut blight negatively affected everyone and pro-
vided no benefits. However, some groups were affected more directly
(e.g., those involved in timber production or collecting nuts to barter),
compared to others (e.g., farmers who might have suffered more of a
cultural loss rather that economic one) (Appleton, 2000). Under-
standing and categorising the diverse social consequences of regime
shifts, and when they add up to constituting social shifts in their own
right, would benefit from more investigation (Blythe, 2014).
6.4. Preventing and managing social-ecological regime shifts as a result of
invasive alien species
There is a need to manage invasive alien species to prevent them
from inducing regime shifts, to mitigate the extent of or adapt to the
negative effects once a shift has happened, and in some cases to try to
reverse the shift. All these facets require adaptive management and
governance responses (Biggs et al., 2009; Armitage et al., 2009;
Foxcroft and McGeoch, 2011; Crépin et al., 2012; Chaffin et al., 2016).
Here we briefly give an overview of management practices and discuss
policy recommendations for each of these three scenarios.
6.4.1. Prevention (preventing or stopping regime shifts from taking place)
The most cost-effective mechanism for managing invasion-driven
shifts is to prevent invasive alien species from arriving and establishing
in the first place. However, strategies to achieve this still lag behind
post-introduction reactionary governance (Keller et al., 2007). A
number of countries have effective biosecurity programs (risk assess-
ments, boarder checks, sterilisation, etc.) in place that aim to prevent
the introduction of high-risk alien species (Meyerson and Reaser, 2002;
Keller et al., 2007), but most countries lack the resources and expertise
to implement such programs (Early et al., 2016). Preventative measures
are particularly important in light of findings from Seebens et al. (2017)
which show that the introduction of alien species is still on an upward
trajectory globally.
However, not all invasive species can be prevented from entering a
country, and may have already been introduced and be in a lag phase
(Crooks et al., 1999). Once a species has entered a region, it is most cost
effective to eradicate or contain it before it begins to spread during the
casual or naturalisation phases (Fig. 1), which is a management ap-
proach often termed early detection and rapid response (EDRR) (Wilson
et al., 2011). The financial and capacity resources needed for man-
agement are much lower than trying to manage widespread species
once it has triggered a regime shift.
Overall, improving prevention of potential regime shifts caused by
invasive alien species needs more research and improvements in policy
and governance. Priorities include: 1) building better policies, govern-
ance institutions and capacity to improving biosecurity measures in
many parts of the world where they are not implemented; 2) promoting
awareness and international cooperation regarding biosecurity – similar
to and building on the ballast water convention; 3) building assessment
of the likelihood of a given species ability to drive a regime shift into
widely applied risk-assessment protocols used in biosecurity and
prioritising EDRR; 4) increasing our understanding of regime shifts
based on a few well-studied systems (such as the case studies reviewed
in this paper) to achieve a better mechanistic understanding of the re-
lationships between species traits and social and environmental fea-
tures, that could provide greater predictive understanding of invasion-
driven regime shifts. This could be applied to identify species on the
verge of tipping points to promote EDRR before thresholds or tipping
points are reached. Furthermore, identifying and understanding statis-
tical early warning signals of regime shifts in the context of invasion-
driven regime shifts (Scheffer et al., 2009; Hui and Richardson, 2017),
and developing tools to track these to facilitate rapid adaptive man-
agement of invasive alien species is needed (Scheffer et al., 2001,
2009).
6.4.2. Impact reduction and reversal (post regime shift management)
Once an invasion-related regime shift has occurred a number of
options are available to manage it, including mechanical, chemical and
biological control, control through utilisation, alteration of land-use
practices, or a combination of these methods, each with their own
benefits and costs (van Wilgen et al., 2011; Shackleton et al., 2017b).
Once a regime shift has occurred, physical control or alteration to land-
use practices are very unlikely to reverse wide-scale regime shifts and
contain spread of the invasive (Bhagwat et al., 2012; van Wilgen et al.,
2012; Shackleton et al., 2014). Nevertheless, such control measures can
lessen social-ecological impacts and provide localised restoration suc-
cesses in priority areas (e.g. effective manual control of C. odorata in the
large Hluhluwe-iMfolozi Park, although surrounding areas outside of
the nature reserve are still heavily invaded (te Beest et al., 2017)).
The one management approach that has successfully reversed shifts
over large scales is the use of biological control which is often con-
sidered the most cost effective and sustainable long term management
approach (McFadyen, 1998; Page and Lacey, 2006; van Wilgen and De
Lange, 2011), as discussed in the case study of salvinia and water
hyacinth in Papua New Guinea (Fig. 7) The wattle case study might be
at the beginning of a regime shift reversal (after around 100 years), as
biological control has greatly reduced seed production (van Wilgen
et al., 2012), although there will be sustained invasions for long periods
due to substantial seedbanks that have accumulated (Strydom et al.,
2017). A number of other regime-shift-inducing invasive alien plants
have been successfully controlled allowing the invaded systems to re-
verte back to their original regimes (e.g. several water weed species
globally (McFadyen, 1998; Coetzee et al., 2011a, b; Julien et al., 2007;
Hussner et al., 2017), Opuntia species in Australia, South Africa and the
USA, (Goeden et al., 1967; Zimmermann and Moran, 1991), and Siam
weed (C. odorata) in Indonesia, but not in other parts of the world (de
Chenon et al., 2002; Julien et al., 2007; Zachariades et al., 2009; Day
et al., 2013).
Despite some success in removing species that cause regime shifts,
such control measures often give rise to other challenges. In some cases,
removal of one invasive species facilitates opportunities for secondary
invasions, as the disturbed systems are less resilient and a number of
feedbacks can have long lasting legacy effects (Coetzee et al., 2011a).
For example, changes in soil chemistry can persist for more than 10
years after wattle clearing and can facilitate secondary grass invasions
and hinder the re-establishment of native species (Nsikani et al., 2017).
In another case, submerged aquatic invasive species invaded after the
successful management of invasive floating macrophytes (Coetzee
et al., 2011b), apparently due to “invasional meltdown” - the inter-
acting effects of multiple invasive species and the changes they cause
(Simberloff and Von Holle, 1999).
Reversing and restoring all ecosystems that have undergone inva-
sion-related regime shifts is not feasible. It is therefore important to the
weigh costs of restoration against the costs of impacts associated with
the shift. If the long-term costs of restoration exceed the projected costs
created by the regime shift, other options should be considered, espe-
cially if the shift has negative impacts but also provides benefits for
people or the environment. Although controversial (Murcia et al.,
2014), in some cases adopting a “novel ecosystems” or a “social
adaptation to reduce vulnerability” approach might be appropriate
(Hobbs et al., 2006; Chapin et al., 2010; Hobbs et al., 2009; Kannan
et al., 2014), possibly along with focused and well-prioritised small-
scale management in some areas. Novel ecosystems are areas that have
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been abandoned, disturbed or invaded by alien species, where the
abiotic and biotic characteristics have been altered to such an extent
that returning the system to some historical condition is extortionately
expensive or impossible (Hobbs et al., 2009; Graham et al., 2014).
Adopting a novel ecosystem approach implies living with, and adapting
to, a new self-sustaining social-ecological regime (Morse et al., 2014).
For example, because of the poor success with control efforts against
L.camara in India (Bhagwat et al., 2012), some communities have
adapted to using this species for weaving, a common local livelihood
practice in southern India. In this case, they have no other choice but to
make the best of the situation (Kannan et al., 2014). Similar novel
ecosystem management approaches have been suggested for Nile perch,
focusing on social innovations or adaptations (see Mazigo, 2017) that
can strengthen resilience and reduce vulnerability of communities.
In the context of social-ecological systems, more nuanced under-
standing of different stakeholders and power dynamics (some bene-
fiting from invasion at the expense of others) is crucial for improving
governance of social-ecological systems that have undergone regime
shifts. Promoting engagement between different stakeholders can help
reduce conflicts, improve social learning and aid successful collabora-
tive governance (Novoa et al., 2018; Shackleton et al., 2018a, 2018b).
Improving prioritization, undertaken in a collaborative manner, of
areas and species for management based on their social and ecological
effects is also a key need. A variety of tools are available to support such
work (Forsyth et al., 2012; Shackleton et al., 2017b; Bacher et al., 2018;
Potgieter et al., 2018), but there is also a need to develop additional
tools that take a broader social-ecological perspective.
7. Conclusions
Invasive species are increasingly important drivers of regime shifts
which have significant ecological and social impacts in many parts of
the world. We have highlighted the value of holistic and integrated
social-ecological systems thinking to understand the processes leading
to these shifts and the overall effects that such shifts have on the en-
vironment and society. Using causal-loop diagrams and frameworks for
elucidating ecosystem services and the dimensions of human wellbeing,
we have drawn on four case studies to elaborate and compare the dri-
vers and consequences of these shifts from a social-ecological systems
perspective. We identified a diverse set of pathways underlying these
shifts; these range from relatively simple pathways to highly complex
processes resulting from the interaction of invasive species with many
different drivers and feedbacks. The regime shifts we investigated all
resulted in a diverse set of impacts on ecosystems, ecosystem services,
livelihoods and human wellbeing. In some cases, regime shifts also
resulted in benefits, leading to conflicts of interest between different
stakeholders, and complexity around how to manage the invasive
species. Identifying species that have the potential to generate high-
impact regime shifts, understanding the diversity of consequences for
different stakeholders, and developing robust management methods to
reduce impacts and restore systems are key priorities for further re-
search.
To improve our understanding and to facilitate adequate govern-
ance of regime shifts caused by invasive alien species we suggest six
priority areas for research and policy development. 1) Further work is
needed to better understand when and how invasive species can trigger
regime shifts and how to recognize early warning signals of such regime
shifts. 2) Insights on risks of invasive species causing regime shifts must
be incorporated in risk-analysis protocols to improve biosecurity. 3)
Perspectives from work on social-ecological systems must be better
incorporated in invasion science through expanded inter- and trans-
disciplinary collaborations. 4) Collaborative governance and shared
understanding between different actors to maximise the effectiveness of
management interventions following regime shifts is crucial for pro-
moting adaptive capacity and shared responsibility. 5) Biological con-
trol should be further promoted as a cost effective and sustainable way
of managing invasive species to prevent and reduce impacts on humans
and the environment. 6) Better strategies and models are needed to
guide restoration following initial management interventions to in-
crease system resilience, especially to prevent secondary invasions and
to deal with long-lasting legacy effects.
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